The half-bridge submodule (HBSM) of modular multilevel converter (MMC) cannot block the fault current of direct current (DC) side short circuiting alone, but with the aid of alternating current (AC) circuit breaker. To solve the problem, this paper designs a hybrid topology of similarity half-bridge submodule (SHBSM), based on the HBSM of the MMC control system. The hybrid topology can automatically clean the fault current of DC side short circuiting at a low cost, with a relaxed requirement on modular packaging. Then, the author set up a doubleended MMC-high voltage direct current (HVDC) system to identify the MMC fault selfcleaning capacity of the SHBSM. The fault cleaning effect of the hybrid topology was simulated on PSCAD platform. The results show that, despite a small cost increment, the MMC-HVDC with the SHBSM topology can automatically clean the DC fault current, while retaining the advantages of the HBSM. The proposed hybrid topology can solve the high requirement on trigger consistency, that is, all IGBT pulse signals must be blocked at the same time to clean DC fault current.
INTRODUCTION
The modular multilevel converter (MMC) was proposed by R. Marquart and A. Alesnicar in 2001 [1] . The converter is highly modular and easily expansible, reducing the harmonic content of alternating current (AC) output and switching loss. Therefore, the MMC boasts a great application potential in high-voltage direct current (HVDC) transmission.
The MMC can be breakdown into several submodules, namely, a half-bridge submodule (HBSM), a full-bridge submodule (FBSM) and a clamp double submodule (CDSM) [2] [3] [4] . Among them, the HBSM has been widely applied in HVDC transmission, thanks to its simple topology, easy packaging, low loss and simple control [5] [6] [7] . In an HVDC transmission project, the key lies in the MMC processing of the HBSM topology [8] [9] [10] .
Despite the above advantages, the HBSM faces certain defects in HVDC transmission. Once the DC side is shortcircuited, a huge short-circuit current will flood the system via the diode in the HBSM, posing a serious threat to system stability and equipment safety [11] [12] [13] [14] . The common way to solve the problem is to cut off the fault current using the AC side circuit breaker. However, this solution needs a long time to cut off the current, and requires complex operations to recover the system. Thus, the FBSM and the CDSM came into being, enabling the inverter to clean itself in fault [15] [16] [17] [18] [19] [20] . Subsequently, many submodules with fault self-cleaning function have emerged [14] , but most of them are much more costly than the HBSM [21] [22] [23] .
In view of the above, this paper designs a similarity halfbridge submodule (SHBSM) topology [24] , which blocks the fault current by insulated-gate bipolar transistor (IGBT). There are three main contributions of this research: 1) A hybrid topology for the SHBSM was designed according to the working principle of the SHBSM and the self-cleaning mechanism of fault current; 2) The fault current self-cleaning mechanism and the components of MMC-HVDC were studied based on the SHBSM hybrid topology; 3) The designed SHBSM hybrid topology was verified through PSCAD simulation. Figure 1 , the HBSM has two parallel IGBTs, linked up with a diode, and a storage capacitor, while the SHBSM contains an IGBT with an antiparallel diode and a bidirectional controllable pass bridge, plus a storage capacitor. In normal operation, the upper and lower IGBTs are turned on and off alternatively to charge/discharge the storage capacitor and switch between the submodules. Under the same voltage, the SHBSM-MMC has more diodes than the HBSM. The
SHBSM TOPOLOGY AND PRINCIPLE

SHBSM topology
C additional diodes occupy a limited space and incur a low packaging cost, making the control system easier to implement.
SHBSM principle
The SHBSM follows the same principle with the HBSM in normal operation. When a charging current ism>0, the current path is ism-diode D1-capacitor C-ism and the storage capacitor is charged, if IGBT G1 is turned on and IGBT G2 is turned off, the current path is ism-D2-G2-D5-ism and the submodule is bypassed, if G1 is turned off and G2 is turned on. When ism<0, the current path is ism-C-G1-ism and the storage capacitor is discharged, if G1 is turned on and G2 is turned off; the current path is ism-D4-G2-D3-ism and the submodule is bypassed, if G1 is turned off and G2 is turned on. The switching states of the SHBSM are given in Table 1 , where Ublk is the voltage across G2 when the fault current is blocked. Figure 2 shows the electrical quantity between the submodules of the SHBSM-MMC in normal operation. In the submodule, G1 and G2 are turned on alternately. Let n be the number of submodules put into operation by the upper and lower arms at any time in each phase. Then, the following equation can be derived:
FAULT CLEANING AND ELECTRICAL STRESS OF SHBSM-MMC
Topology of SHBSM-MMC
The topology of SHBSM-MMC
Fault cleaning mechanism
In the event of DC bipolar short-circuiting, the IGBT pulse signals in all submodules are blocked at the same time. The fault current path is cut off by the capacitor voltage, forcing the diode to reverse turn-off and the plurality of series connected IGBT to turn off.
(1) If the bridge arm current Ibrg is greater than zero, the back electromotive force (EMF) of the energy capacitor in the submodule is introduced to the loop (Figure 3 ). After all the IGBTs are turned off, the internal current path of each submodule is connected in series by the diode and submodule capacitors. In this way, each current path passes through 2n diodes and capacitors. Each diode is subjected to reverse voltage at both ends, and forced to cut off reversely, thus blocking the fault current [5] .
(2) If the bridge arm current is turned off, the short-circuit current path is cut off by G1 and G2 in the submodule ( Figure  4 ). After all the IGBT pulses are blocked, all the IGBTs are turned off, which is equivalent to a distributed DC circuit breaker. In this way, the short-circuit current is directly cut off, such that the AC system cannot feed the power or current loop to the inverter. Figure 4 . Blocking the fault current in mode 2
Electrical stress analysis
In normal operation, the upper and lower IGBTs of the submodule are turned on and off alternatively. Thus, the voltage on each IGBT can be approximated as the capacitor voltage UC in the sub-module:
In this case, the voltage across the bridge arm inductor is roughly equal to the instantaneous voltage of the common DC bus. Then, the DC short-circuit current can be expressed as: 
where, Lsum is the total inductance on the short circuit; ΔT is the response time from fault occurrence to system lockout.
Since the instantaneous short circuit current quickly falls to zero, the overvoltage that G2 can withstand can be expressed as
where, ΔT2 is the time to cut off the fault current. From equations (3) and (4), it can be seen that the amplitude of the short-circuit current depends the bridge arm inductance and the system lock-up time. The shorter the lock-up time, the lower the amplitude of the short-circuit current. The shortcircuit is terminated once the fault is removed. The amplitude of the short-circuit current is positively correlated with the back EMF. Therefore, the fault should be judged quickly to block the submodule as soon as possible [10] .
In normal operation, the lower diodes are turned on and off alternately, but the electrical stress remains the same. Thus, the voltage across the diode satisfies:
Once a fault occurs, the lower IGBT is instantaneously blocked, resulting in a large reverse voltage across the IGBT. In this case, the voltage is applied to the diode parallel to the IGBT.
Because of the bridge arm inductance, G2 will face over voltage at both ends. Then, a high trigger consistency is required to block the current by turning off the IGBTs.
Design of hybrid topology
To cut off the DC fault, the IGBT pulse signal in all submodules of SHBSM-MMC must be blocked simultaneously. This raises a high requirement on the control system. Besides, the lower IGBT will have a spike overvoltage at turn-off, posing a threat to the IGBT safety. To solve this problem, this paper puts forward a hybrid topology for the SHBSM (Figure 5 ).
Figure 5. The hybrid topology
In the hybrid topology, the SHBSM and the HBSM are connected by a clamp diode, such that the fault current cut off by the lower IGBT can be transferred, and that the IGBT is subjected to the voltage of the entire bridge arm at the first turn-off. Then, a voltage condition occurs to prevent the IGBT from being burnt. The maximum voltage of diode D8 is Uc1+Uc2.
Fault cleaning mechanism of hybrid topology
(1) Figure 6 shows the fault current path (marked with a red arrow) after all the IGBT pulse signals are blocked under the DC fault when isc>0. In this case, diodes D1 and D3 of all submodules in the MMC are connected in series with capacitors C1 and C2, and the two capacitors are charged. Once the total capacitor voltage in the path surpasses the instantaneous AC side voltage, the diode is subjected to the back pressure and forced to be turned off, thus cutting off the fault current. (2) Figure 7 shows the fault current path (marked with a red arrow) after all the IGBT pulse signals are blocked under the DC fault when isc<0.In this case, the clamped diode and the capacitor in the HBSM provide a path for the fault current, which prevents the G4 from directly breaking the fault current and precludes the overvoltage of the G4. Then, the rated capacitor voltage of each submodule UC0 satisfies: C0 dc nU U = (7) where, n is the number of submodules on each bridge arm; Udc is the voltage of the DC positive pole to the negative pole. Without considering the bridge arm inductance, the relationship between the voltage amplitude umax of the MMC AC terminal and the DC voltage can be expressed as:
Thus, once a DC fault occurs, the fault current should be blocked if the total capacitor voltage in the reverse series is greater than or equal to Udc/2. To this end, each bridge arm needs to invert n/2 pairs of the hybrid topology.
Our hybrid topology can relax the requirement. Under the fault current in Figure 7 , if the trigger pulse of G4 in a submodule is blocked earlier than that of G4 in another submodule, the fault current of the early-blocked submodule will pass through diode D8. Then, capacitor C1 and diode D2 will circulate the current and charge DC capacitor C1. The collector-emitter voltage UCE of the early-locked G4 is clamped by diode D8 to the capacitor voltage +UC, aiming to prevent overvoltage or burning of the early-locked G4.
To sum up, our hybrid topology always provides a "diode-DC capacitor-diode" current path, whichever the current direction, allowing the DC capacitor to operate in a charged state. If the MMC adopts the hybrid topology in Figure 5 , the late-locked submodule will route the fault current via D4-G4-D7-D2, while the early-locked submodule will route the fault current via D8-C1-D2. The DC fault current will be locked once the total capacitor voltage of all the blocked submodules exceeds the AC voltage. Thus, our hybrid topology does not need simultaneous locking of G4.
SIMULATION AND RESULTS ANALYSIS
To simulate our hybrid topology, a 21-level double-ended MMC-HVDC example was set up on the PSCAD platform. The simulation parameters were configured as follows: the number of submodules per bridge, n=20; the submodule capacitance, 6000μF; the bridge arm inductance, 0.001H; the rated DC side voltage, 60kV; the submodule capacitance, 3kV; the occurrence time of the inter-pole short circuit, T=2.5s.
During the simulation, all IGBT pulses were blocked at T=2.501s, i.e. with a delay of 1ms, and the fault lasted for 0.1s. Then, the pulses were released at T=2.601s. The simulated results were measured by a converted through inverter side.
SHBSM-MMC simulated results
After it is blocked, the voltage across the lower IGBT equals the voltage that the AC system applies on both ends of the IGBT:
Since the IGBT directly breaks the fault current, a large back pressure occurs at both ends of the IGBT once it is locked up (Figure 8(a) ). The lock-up current is blocked instantly, but the peak current occurs instantaneously. In the course of blocking, the submodule is subjected to sinusoidal AC voltage, which comes from the three-phase voltage of the AC system. As shown in Figure 8 (b), quick protective measures are necessary to control the electrical stress on the devices in the converter station within the normal range. From Figure 8 (c), it can be seen that the capacitor voltage is locked by instantaneous clamp. Under the control system, the capacitor voltage fluctuates around the rated voltage during normal operation. In other words, the capacitor voltage is close to the rated voltage when the lock is closed. After blocking, the bridge arm voltage equals the AC side voltage. The blocking induces a high instantaneous voltage on the bridge arm, due to the instantaneous moment of the bridge arm inductance. During the blocking period, the bridge arm voltage is the threephase voltage of the AC system. When the fault is cleaned, the bridge arm voltage quickly returns to the normal level ( Figure  8(d) ). The above results show that the fault current is blocked rapidly, and the normal operation of the system is restored.
Overall, the SHBSM-MMC can quickly reset the DC fault current and fulfill the high triggering consistency, ensuring that the power devices are within the normal stress range. 
Hybrid topology simulated results
As shown in Figure 9 (a), the lower IGBT voltage of the submodule has a small spike voltage, which prevents the IGBT from directly breaking the fault current and causes it to burn out. The AC side current is blocked instantaneously, cutting off the energy feeding path of the AC system (Figure 9(b) ). Similar to the SHBSM-MMC, our hybrid topology locks up the submodule capacitor voltage instantly (Figure 9(c) ). As shown in Figure 9(d) , the bridge arm voltage has a small peak voltage at the moment of IGBT blocking, which is attributable
effect of the bridge arm inductance. However, the peak voltage is far lower than the bridge arm voltage of the SHBSM-MMC. The above simulated results show that our hybrid topology can quickly clean the fault current of DC side short circuiting, and eliminate the overvoltage on the IGBT. 
CONCLUSIONS
This paper puts forward a hybrid topology of SHBSM-HSBM, and establishes a double-ended MMC-HVDC system to identify the MMC fault self-cleaning capacity of the SHBSM. The fault cleaning effect of the hybrid topology was simulated on PSCAD platform. The main conclusions are as follows.
(1) The SHBSM has three more diodes than the HBSM. Despite a small cost increment, the MMC-HVDC with the SHBSM topology can automatically clean the DC fault current, while retaining the advantages of the HBSM.
(2) The proposed hybrid topology can solve the high requirement on trigger consistency, that is, all IGBT pulse signals must be blocked at the same time to clean DC fault current. The simulation shows that our hybrid topology can strictly block all IGBT pulse signals simultaneously, lowering the technical difficulty, the number of power devices and the cost of the MMC. Hence, the proposed hybrid topology has a huge application value.
The future research will explore the control and startup strategies for DC faults in MMC topology.
